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ABSTRACT

Since 1978 the United States Department of

Energy-s Atmospheric Studies in Complex Terrain

program has conducted research fundamental to a

better underatindfng of atmospheric transport ●nd

diffusion in complex topographies. Expertise in

atmospheric physice theory, computer modeling,

laboratory modeling, and field experimentation have

been integrated into a balanced program. The

initial ●mphases of the resetirch were on nocturnal

drainage winds, the effect terrain has on them, ●nd

their interactions with external flows. Highlights

of 00IIW physical concepts of nocturnal drainag~

winds, derived meinly from tha results of the field

●xperiments, ure presented.
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10 INTRODUCTION

In 1978 the United States Department of Energy (DOE) initiated a

program directed specifically at ~tmospheric ~tudfes in ~mplex ~errain

(ASCOT). The two broad objectives of the ASCOT program are:

c TO improve fundamental knowledge of atmospheric

transport and dispersion processes in complex

terrain.

● Building on this improvement in the understanding

of the physics to provide a methodology for per-

forming air quaility assessments.

These objectives are approaciled through an integrated program

consisting of atmospheric physics theory, computer modeling, aboratory

modeling, and field sxperfmentatfon. The ASCOT team is composed of

scientists from DOE-supported research laboratories, other federal

laboratories, and univer~fties. The accomplishments of the ASCOT

program are the result of the cumbfned efforts of many dedic~te~

individuals. A complete lis~. of participants is Riven bv Oudiksen and

Dickarcon (1984). The fnitfel emphesee of tha rce~arch are on

nocturnal drainage wb,lds, the effect terrain hao on them, and their

interactions with external flows. L’hiS paper describee some physfcnl

conceptm of nocturnal drainage wind derived mainly from the results oi

the m“eorological measurements portion of the field experiment.
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Detiiled descriptions of any part of the ASCOT progran is n~t the

intent of this overview paper. A comprehensive summary of all phases

of the ASCOT program is given by Dickerson and Gudiksen (1984).

Interested readers are encouraged to seek out this and all other

references given in this paper for further information.

2. THE FIELD SITES

ASCOT has conducted intensive field studies at the five locations

shown in Fig. 1. The topography of each of these sites is very

different. The general characteristics of ●ach site will be briefly

described below in the order of their relative complexity. In each

case references are given to more detailed descriptions of the sites

and the experiments conducted,

RATTLESNAKE HILL: Located ic the southeastern corner of the

s~te of Washington, Rattlesnake Hill approximates n fairly uniform

tvo-dimensions 1 slope. It slopes from southwest at 595 m fiSL to

northeast at 366 m fiSL for a distance of over 900 m, In the area of

the hill k lere measurements were made there are two distinct angles to

the slope. From the summit to about 495 m tiSL the slope is 20° and

balow thl. point it is 8°, Tlw ●varage S1OPO from the summit to the

bottom is 16°, (Doran ●nd Horst, 1983a, b; Horst ●nd Doran, 1981, 1982)
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PAJARITO HOUNTAIN: In 1979 and 1983 slope experiments were.—

conducted on a fairly uniform ski run on Pajarfto Mountiin in the north

cer.sral New Mexico. The ski run slopes from the south at 3090 m PISL to

the north at 2830 m MSL for a distance of 850 m wi~h an average slope

ang?e of 18°. It is 50 m wide and is bordered on each side by dense

stinds of aspen and spruce approximately 15 m high. This site

approximates a uniform two-dimensional slope. (Clements and Neppo,

1983)

the

CORRAL GULCH: Corral Gulch, located in northwestern Colorado, was

site of field studies in 1980 and 1982. The experfmentil site is a

shallow valley 15 km long. It drains roughly from the west e.t

2940 m MSL to the east at 1950 m MSL with ●n average slope of about 4°.

At the locatlon where measurements were made it is 60 m deep, 600 m

wide, and has a local slope of only 1°. The sidewalls are s-~ep

(20 to 30°) and cut regularly by small tributaries. (Clements ct.

al., 1981; Barr and Clernents, 1981; Barr et. al., 1983)

BRUSH CREEK: Brush Creek, ●lso located in northwestern Colorado,.— —

is a 600 m deep valley ~fth sidewalls that average 30° and at some

plac~s are much steeper. The valley floor drains for

northwe$t at 2440 m MSL to the so~theaet at 1380 m

slope is 2“. At the mouth of the valley the floor is

and near the headwaiters it i. very narrow. The

22 km from the

HSL. The average

about 1 km wide

sidewalls ure cut

cegularly by sizable tributaries. Experfmei.ts were conducted here in

1982 and another met is planned fot the fall of 1984. (Cudikeen, 1984)



-5-

CEYSERS: The study site !n the Geysers area of northern

California is a complex basin. It consists of a number of significant

valleys and many small tributaries. The major drainage in the basin is

from the northwest to the southeast ending in a restricted outflow

region. Ridges composing the rim of the basin range In altitude from

about 980 m MSL to over 1400 m MSL. The altitude of the mos~

restricted portion of the outflow region is 390 m flSL. The basin can

be thought of as circular with a diameter of 6 to 7 km.

conducted field experiments in this basin in 1979 and 1980.

the experimental site was moved from the Geysers Basin to Big

Creek, which iS just over the western ridges of the basin.

valley, which slopes down from the southeast to the northwest,

ASCOT

In 1981

Sulfur

In this

coo 1 ing

tower plume experiments were conducted. (Cudikseo, 1950, 1982, 1983;

Dickerson, 1980)

These five experimental sites fall into three general topographic

classifica~ions

● Xsolated simple slopes

tittlesnake Hill
Pajarito Hounhln

● Complex valleys

Corral Gul~h
Brush Creek

● Complex basins

Oeysere

A complax valley is one with irregular sidewalls cut by tributnriea.

The icolatid simple elope bitee are used to study “simple drcifia8a
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flows”, which are the fundamental elements of the more complicated

f lows. The complex valleys and basins provide the setting for studying

the effects of the merging of drainage winds.

3. THE FIELD STUDIES

The field studies at the above sites generally consist of

intensive experimental perio~s of three to four weeks . Duri,ng these

times as many nocturnal periods with weather conditiorls conducive to

good drainage winds are investigated as possible. This ranges from 3

to 6 nights depending on conditions, The period of the nocturnal

studies usually runs from presunset to postsunrise In order to include

the transitions into and out of the draina%e wind regime- The

intensive periods are usually complemented by a more modest long-term

dam collection. This is required to determine seasonal trends and the

representativeness of the intensive studies.

During the intensive experiments two general types of studies are

used to investigate the nocturnal drainage wind and its interaction

with terrain and external flows. These are meteorological measurements

and atmospheric tracer studies, The general types of meteorological

instrumentation used in a particular intensive field experiment might

include any or all of the follow!ng~
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●

●

●

●

●

●

●

●

●

Instrumented towers
Optical anemometers
Mobile meteorological sensors
Free balloon-borne sensors
Tethered balloon-borne sensors
Monostitic acoustic sounders
Bistatic doppler acoustic sounders
Optically tracked neutrally buoyant balloons
Radar tracked tetroons

Atmospheric tracer systems that have been applied in intensive studies

are:

● BALLOONS:——

Neutrally buoyant balloons
Tetroons

Detection systems:

Optical theodolites
Radar

● PARTICLES:

Smoke
Fluorescent particles

Detection systems:

Integrated surface samplers
Sequential surface samplers
Ground based lidar
Airborne lfdar

● GASES:

Hsturally occurring radon-222
Sulfur hexafluoride
Two perfluorocarbons

$
PMCH, C7F14; PDCti, C8F16)

Two heavy methanes (1 cD~; 12CD4)

Detection systems:

Integrated surfece samplers
Sequential surface sampl~rs
Balloon-borne samplers
Instrumented ●ircraft
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Again the reader is referred to Dickerson and Cudiksen (1984) for

further details of the instrumentation used in and the experimental

design of each experiment. This reference will lead to even more

deuiled references. In this paper, I will concentrate on some of the

results obtained from the meteorological measurements effort.

4. CONDITIONS FOR GOOD DRAINAGE WINDS

In this section some conditions for “good” drainage winds are

discussed. The term “good” used in connection with drainage winds

indicates that there is a minimum effect on the drainage winds by

ambient meteorological conditions. In these cases the drainage wind is

relatively stable and its characteristics are well defined.

On a clear night the absence of insolation allows the earth-s

surface to cool by long wave radiation. This surface cooling in turn

attempt- to cool the air near the ground. If this process is

successful, a buoyancy deficit i~ created in the layer of air near the

ground with respect to the ambient air above. If this situation occurs

01: a sloping surface, a katibatic force is created and the layer will

begin to move or “drain” downslope, This flow is retarded by

frictional force$ and adiabatic warming so that at some point a

more-or-less steady sate la reached. The resultiug flow is referred

to as the “nocturnal drahage wind” or, more often,, simply the

“drainage wind”.
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Once established, the drainage wind is usually thought of as being

decoupled from the ambient wind above. This {s essentially correct {f

the ambient conditions are constant. However, the development and

characteristics of a particular drainage wind depend strongly on the

ambient conditions In which it was formed. Furthermore, changes in the

ambient conditions us ,ally will modify the drainage wind. For

instance, as will be discussed later, intrusions of strong upper level

winds during the night may completely destroy it. Also, a change in

cloud cover will alter the radiative balance at the surface and, hence,

change the characteristics of the drainage layer. I have observed

nights that begin with a heavy cloud cover and no drainage wind. La ter

on the cloud cover will pass and the drainage wind will stirt soon

afterwards.

MM from a number of ASCOT studies indicate some general

conditions for good drainage winds to occur. First, radiative cooling

at the ground must occur. This can be prevented or impeded, as

discussed above, by cloud cover. Next, the layer of air near the

ground must cool to produce a buoyancy deficit and, hence a downslope

or katabatic force. Strong ambient winds at the surface can advect

away any cooling of the surface air. Also, high humidity will impede

the cooling of the layer compared to relatively dry air.

On simple isolated slopes a surface inversion of a few Co in a few

tens of meters or less is usually sufficient to initiate drainage

winds. These are subject to interruption by moderate ambient winds due

to lack of shelter. In more complex situations, such ● a in valleys and
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basins, where the drainage wind is the result of the convergence of a

number of drainage flows, the surface inversion may be a few Co in a

few hundred meters. In the lattar cases it is not at all clear that

the observed inversions provide the total drivtng force for the the

flow or that. it is simply being advected by the flow. A bulk slope

‘ichardson number) RiB, proved to be a good indicator of drainage wind

on a slope in the Geysers area. Horst and Doran (based on some earlier

work; Horst and Doran, 1981) define the bulk slope Richardson number as

RIB s
AT gh

—*—
U2 T

(1)

where AT Is the strength of the surface inversion of depth h, U and T

are the wind speed and absolute temperature of the ambient air (at

ridge top in the case of the Geysers study), and g is the gravitational

acceleration.

Figure 2 show$ the fraction of hours with good, fair and no

drainage winds. These results, which ● t present have only been

●valuated at the Geysers site, show that no drainage winds occur for

RIB < 0.15, good slope flow never occurred for RiB < 0.2, and that most

of the good slope flow was observed for RiB > 0.7. Horst and Doran

(see Chapter 3: Physical Concepts in Dickerson and Gudiksen, 1984)

f)Oi~t OUt that PiB is a diagnostic rather than ● prognostic indicator,

because of its dependence on the strength ●nd depth of the surface

inversion.
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In summary, ga ‘ drainage flows oficur on nights when there are few

to no clouds, the ambient winds are light to calm, and the air is

relatively dry. Drainage winds of varying quality occur in a wide

variety of ambient conditions and sometimes under surprisingly severe

situations. A great many .acto~s are involved in the development of

drainage winds

just beginning

in valleys and basins where they are sheltered. We are

to understand some of these more complicated scenarios.

5. SOME GENERALIZED DRAINAGE WTND

The results of all the field

good drainage winds thFt appear to

CHARACTERISTICS

studies show some

be independent of

characteristics of

the complexity of

the terrain. These features are useful in distinguishing drainage

winds from synoptic winds that are channeled down a slope.

,

Before describing these characteristics it is cecessary to say

something about th~ “depth” of a drainage wind, As discussed ear!.fer

established drainage flows are to & large *xtsnt decoupled from the

ambient air above them. The distane.e from the ground up to the

transition from drainage flow co ambienh flow is a general definition

for the depth. Althou~h this sounds simple enough, the determination

of the transition height is sometimes difficult ●nd ambiguous. Changes

in the vertfcal structure of temperature, wind direction, wind speed,

●nd tucbulent mixing are all used in ●ttempts to define the depth of

draxnage winds. Horst and Doran (1981), King (1981), nnd Uolfsberg and

Clements (1983) ’discuss the relative merfts of these methods. It will
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suffice for the following discussions to accept that drainage winds

exist over some finite depth near the ground.

Figure 3 shows the generalized vertical profiles ~f temperature,

wind direction, and wind speed in and above a drainage wind layer of

depth h. The following generalizations about these profiles can be

made:

TEliPERATIJRE: The temperature increases from

the surface upwards, approaching an isothermal

fj~ate at the top of the layer. The temperature

profile above the layer is most oftc~i isothermal.

#IND DIRECTION: The wf.nd direction is

downslopc or downvallcy in the drainage layer.

Excepc in the frustratirq cases when the timbient

wind directiori is dotmslnpe, there is a rath~r

abrupt cbnge in wind direction near the top of the

laye:. The wind direct~on immediatley above the

c!rair,age layer may be that of the synoptic wind or

of an intermer!iate wind layer. The regiw between

the top of the drainage layer ●nd the synoptic wind

is called the transition layer. The transition

layer may be very simple ●d shown in Fi8. 3. or

extremely complexO
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The wind speed profile within tt.e

characterized by a low-level jet

with a wind speed min imum near the top of the

layer. The maximl!m wind speed in the layer occurs

at about half the layer depth or less. The wind

speed above the layer can be zero when there are no

ambien t winds, increase to the ambient wind speed,

or show secondary Jets in the case of layered flow.

In addition to these features the turbulent structure in the

drainage layer is characteristically different from the ambient wind.

Clemcnts and Nappo (1983) observed the range of the variation in wind

direction to change from about 60 degrees prior to the development of a

drainage wind on a sjmple slope to less than 10 degrees after drainage

behan. There is limited data on the vertical structure of turbule.:ce

in drainage winds. However it is expected to be quite different from

that in the stable. boundary layer over flat terrain. This is because

of the different veritcal shear structure in the two cases. The

vettfcal variation of turbulent energy production in slope flow is

complex; however, the observed turbulence structure is generally

conaiatent with local shear production of turbulence. (Sue Physical

Concepts Chapter in Dickerson and Cudiksen, 1984).

AI Mough the generalized ckracteristics given ●bove ● re found in

moat dtalnage flow$, I.he values of the parameter associated with them

vary widely from site to site, In addition, .’8 mentioned at the
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outae t, the depth of a drainage wind may take on different values

dcpeading on which parameter is used for the determination. In the

next sec. tion specific examples of these generalizations will be given

and the discrepancies will be obvious.

6. SPECIFIC EXAMPLES OF DRAINAGE WIND CHARACTERISTICS

In this section examples of vertical profile dam in drainage

flows at each of the experimental sites are given and discussed. The se

examples have been chosen from good drainage flow situations; that is

those cases wherein the drainage flow is steady and there is a minimum

of influence from the ambient winds. The ASCOT data contain many

examples that are riot as clear cut as the ones presented here, whjch

serve to remind us of how much we still have to learn about these

phenomena.

RATTLESNAKE HILL: Figure 4 S hews the vertical profiles

potential temperature and downslope wind speed at three towers

Rattlesnake Hill (a simple slope) from Doran ●nd Horst (l~83a).

of

on

The

towers ● re located at 193, 422, and 898 m ●long the slope (16° average)

from the crest. The depth of the inversion ●nd the maximum downslope

wind speed both increase with downolope distance. Thase profiles also

indlc.te that the depth of the drainago layar is increasing with

downslope distance.
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PAJARITO MOUNTAIN: Another example of drainage layer growth on a

simple s 1ope comes from data collected on Pajarito Mountain. In this

data both temporal and spa tial growth of the drainage layer can be

seen. Figures 5 and 6 show hourly average profiles of wind speed, wind

direction, and temperature for three hours at two locations on the

sl>pe. This dab was collected from two towers located at 285 and

820 m ●long the 18° SIOpefrom the crest. At the upper tower in the

three hours shown the inversion strength increases with time. The

depth of the downslope wind direction increaaes from very shallow to

●bout 7 m in the three hour period. Tne maximum wind speed in the

la~er increases from the first to the

consbnt. At the lower tower the

over greater depths, The final depth

second hour and then remains

same type of trends are seen, but

of the drainage wind in the last

hour is in excess of 21 m(.ters, which is the height of the highest

instrument. Notice that the velocity maximum ● t both locations is

considerably less than half the depth of the drainoge flow.

CORRAL GULCH: fioving on to the first of our complex valleys,

Cortal Gulch, deeper drainage flows are found. Vart!Lcal profile data,

iwludi:ig the mixing ratio, at this alto obtained with ● t.athersondc

● re shown in Fig, 7. Here tilu top of the inveralon, the point of wind

dir~ction shift, and the wind apacd minimum ●ll occur at about 200 m

●bove tha ground, During the four nights studied at this cite, the

dapth of the drainaga lay~r variad between LOO ●nd 2~0 m. The wind

spe~d maximum occurs at or slightly btlow the midpoint of the layer ●nd

●varagas between 2,0 and 2,5 m/s. Tha maximum shown in Fig. 7 ia

aoamwhat higher than ●varaga. Tham 1s a discontinuity in the mixing
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ra tio somcwha t lower than the top of the inversion. The fac t tha t the

mixing ratio is less in the drainage layer than above it is opp~site to

what is found at other sites and still remains somewhat of a mystery.
●

A much more s~btle but pers~. stent feature of the nocturnal flow is

observed in this valley, which is not. apparent ill Fig. 7 (Barr “ind

Clements, 1981). This is a weak down- velley uindspeed maximum of about

1 m/s at roughly 10 m above the ground. This rather weak sublayer is

easily obscured by stronger winds above.

A third layer t:Lth a wind speed maximum of 10 to 20 m/s at 500 m

above the ground is described by Barr and Clements (1981). This layer

is detected in pibal-minfsonde profiles tiken on open terrain about

7 km west of and 300 m above the tether sonde site. On two nights the

flow in this layer is from the east when there is no evidence in the

synoptic dab for an easterly wind !n the reg!. on, This layer appears

to be due to a local topographic effect.

BRUSH CREEK: Figure 8 is vertical profila data tiken in Brush

Crack. Hera potertt~al temperature is plotted in place of the normal

tampera ture. ‘1’he wind speed profile shows the drainage lnyer jet with

a well defined minimum at about 350 m, This is ● little over half the

depth of tha valley. The maximum wind speed in the draint~e layer is

7-8 m/s ● t about one-third the depth. This is typical of the Brush

Creek drainage wind in summer. The only good indicator of the dalnage

depth in this caae is the wind spead minimum ●bove the jat.
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?leasurements made in Brush Creek in 1982 (Gudiksen, 1984) show an

increase in the depth above t!ie ground of the drainage layer with

down-valley distance. There is some evidence thst the top of the

drainage layer is horizonbl. This is consistent with the findings of

Hanfns and Sawford (1979) who point out the analogy with a flooded

internal jump.

GEYSERS: The last example is that of the drainage wind In the—-

outflow region of the Geysers Basin. The vertical profile data, shown

in Fig. 9, arc somewhat atypical in the sense that this was not a

particularly good drainage night. However, in spite of the lack of

good drainage throughout the basin, there is a well defined drainage in

the o~tflow region. This is most likely the result of very shallow,

perhaps below most instrument levels, drainage flows converging from

throughout the basin. The outflow drainage layer depth is a little

ov~r 100 m. There 1s a well defined temperature inversion, low-level

jet, and wind direction discontinuity. The mixing ratio is higher in

the drainage layer than above it, as would be expected of a trapping

process like the stible drainage layer. The more intereatfng faature

of this dam is the 100 m or so southerly jet ●bove the northwest

drainage flow, l%is is overlain by northwest to north winds above

300 m. The southerly jet could possibly be ● return flow to the basin.

This is n @ood example of the type of layered flow that can exists in

complex topography,
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Throughout the basin the slope and valley drainage flows grow with

downslope distance from rfdge top to the “pooling region”, which is

discussed in section 8. Upon approaching the pooling region, which is

growing in depth with time, the growth of the drainage winds decrease

and they soon become part of the pooling flow.

For the isolated simple slope cases a

of the drainage layer, h, is given by Briggs

h = 0.038 *s*(sin @)2/3

relationship for the depth

(1981) as

(2)

In equation (2) s is the distance along the slope from the crest and ~

is the slope angle. Ihte from Rattlesnake Hill and Pajarito Mountain

generally verify this relationship.

Only a few examples of good drainage flow data kve been given.

Thc data from the ASCOT studies contain an enormous amount of

information about nocturna L draina~e winds and other related phenomena.

Additional analyses have been and are continuing in parallel with the

ongoing field studies.

7. INTERACTIONS WITH EXTERNAL FLOWS

Locally driven wind fields, such ●s dsinaga wfnds, seldom occur in

na tura as isolated faatureao l’her~ is ●lmost ●lways some interaction

with the ambient meteorological condf tions. At the Coysers there ● re

three dominant largec-scale wind fields that affect the drainege flow.
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These are: winds from migr%tory synoptic disturbances, sea sons 1 sea

breezes, and descending upper-level easterly winds.

At Geysers, the wintertime migratory synoptic features have an

overriding influence or the drainage winds. In summer, when migratory

s terms Occuq less oft 1, drainage winds are more persistent. In July

and August good drainage winds occur on over 50 percent of the nights,

while in January and February, they are present on less than 10 percent

of the nights.

Very bubtle feat~res of the synoptic meteorological struc:ure,

such as the direction of a weak gradient flow, can influence the local

drainage wind system. An easterly compcnent over the Geysers area

produces warming on the middle to upper slopes? destroys the drainage

on the middle slopes, and gradually erodes the drainage flows at lower

elevations. Figure 10 shows the gradual intrusion of northeasterly

winds into the basin. This observed behavior is consistent with the

systematic change in the wavelength of a nonlinear lee wave. If the

wavelength is close to that of the lateral dimensions of the hill, the

flow will tend to follow the topography, If the wavelength is

significantly different, separation will occur, A relationship

developed by Hunt etal. (19’/8) for hills of moderate slope and for a

narrow range of wavelengths, which was tasted with the Geysers dab~

was found to give ● general indication of when intrusions of upper

lev~l winds occur. The condition for for the ●mbient wind to follow
●

the terr~i~ is given by
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2L<A<5L (3)

where A is the wavelength and L is the half hlidth of the hill at

half-height. The wavelen~th {s given by

(4)
N

where U is the ambient wind speed, N is the Brunt-VaisaIa frequency,

(5)

and 0 is the potential temperature. The Geysers geometry is more

complex than that considered by Hunt et ●l. (lQ7a) so eq~ation (3)

offers only ● brohd guideline.

The inv~sion of Geysers by marine ●ir is related to tha coaahl

sub-tropical high pressure ●rea ●nd inland therml lcw pressure area,

A diurnal oscillation in the marine ●ir is p-rtly due to a similar

oscillation in the coao~l-inland horizon~l pressur~ gradient

(P cgast - ‘inland)” An increase in this gr~dienl coincides w!th a

decrease in the marine ●ir influx ●nd the beginning ~f the nocturnal

drainage regime, Tho magnitude of the sea bre”ze influence is linked

to synoptic #tale structure.
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some subtle. We have just begun to understand the importance of these

interactions and some of the mechanisms by which they occur.

8. IA YERING AND FOOLING AT GEYSERS

In the Geyser! are some interesting noc turnal flow

phenomenon resulti~ig .MO topographic features of the basin. The se

are intersecting valleys ~’i thin the basin and the restricted outflow

region.

The nocturnal outflow from the Geysers Basin is mostly the result

of the confluence of drainage flows from four major valleys. The flow

in each valley being composed of drainage winds from its headwat~rs

near ridgetop and inflows from its sidewalls and tributaries. Each of

the valleys has its own drainage flow characteristics defined by its

physical structure ●nd orienbtion within the basin. Measurements made

near the confluence of two or more valleys may vary unexpectedly due to

an oscillating influence from each valley (Coulter, 1981). Because the

flows from the different valleys may have different density structures,

stratification may occur. This can produce lay~red flow in the

convergence zones of the valleys and subsequently in the outflow

region, Acoustic sounder records located in these areas show many

in8tancea of multilayered structure in the lowest 500 m. A differtnt

type of layering in the outflow region t$ shown in the dab of Fig. 9.

Here the layer ●bove the drainage flOW iS tSIIIIOSt in the OppJ#~t43

direction. This may be a case of ● return flow to the basin ●bove the

drainaga layer. The infraction of these stratified layers with the
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outer flow often generates gravity waves and instibilltles at the layer

interfaces. These contribute to the transition layer dynamics.

The outflow region of the Geysers is less than 1 km wide. The

basin dimensions are 6 to 7 km. On nights with good drainage flow

throughout the basin drainage air is produced faster than it can flow

out of the basin. This results in a pooling region upstream of the

basin exit. The horizontal and vertical ●xtent of the pooling region

is a function of the strength of the drainage winds throughout the

basin. This convergence in the pooling region manifests itself in the

form of a vertical velocity reduction. That is, the negative wertical

velocity associated with the drainage winds is reduced in magnitude and

may become positive in the pooling region. Assuming incompressible

flow, the chsnge in the vertical velocity with height can be related to

the horizontal convergence through the continuity equation

au
G

The depth through

The depth of

(6)

which the convergence occurs fs also requfred.

the pooling region and a convergence parameter were

estimated for the 1980 Geysers

patters derived from tethersonde

dab. The convergence parameter

experiments from potential temperature

profiles and doppler acoustic profile

is defined as

Convergence I%rameter = W
Oz

(7)
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The depth of the poo 1 Ing region ranges from 120 to 250 m. The

shallower depths occur, as expec ted, on nights Wi tl? the weakest

trainage flow. Values of the convergence parameter are between 0.0 and

0.001 s-l; the smaller values occurring on nights with weak drainage

winds. The pooling of the drainage air near the outflow of the basin

is an interesting phenomenon that needs further investigation.

9. RADON AS AN INDICATOR OF DRAINAGE WINDS AT GEYSERS

Naturally occurring radon 222 was measured continuously 1 m above

the ground in the outflow of the Geysers Essin during the 1980 study

(Clements and Wilkening, 1981). Radon 222, an inert radioactive gas

with a half-life of 3.8 days, can be considered in this application to

be exhaled uniformly at a constant rate from the earth-s surface

tilroughout the basin. As cool slope winds move along the terrain and

into the valley, the air masses involved accumulate radon through the

night until morning instabilities mix it to greater depths. The

diurnal trend of the near-surface radon in the outflow of the basin

reflects the intergrated drainage flow conditions throughout the night,

t]le morning and evening transition periods, daytime vertical mixing,

and the influence of strong synoptic winds on the drainage flow.

On nfghta when good drainage flow occurred the diurnal trend in

radon concentration reveals a characteristic pattern shown in Fig. 11.

Iaw radon concentrations exists during the day followed by a uharp

increase beginning just before sunset and continuing for about 2 hours.

This period wa$ typically followed by s gradual increase during tlw
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night. A sharp drop is observed after sunrise when surface heating and

the resulting vertical mixing occur.

Departures for this stindard pattern observed on nights when the

external flow had a greater influence include: (1) almost no build Up

at night over daytime levels, (2) delayed build up occurring during the

evening hours when unsettled conditions prevail, and (3) radon

concentration decreases during some periods due to destabilization

events or intrusion of the ambient winds.

10. SUMtlARY

I have tried to give an overview of the United States Department

of Fhergy-s ASCOT program and touch upon some of the physical concepts

derived mostly frcm the experimental phase of the reseach. ~ually

essential and interesting research is being conducted in the areas of

atmospheric physics theory, computer modeling, laboratory experiments,

and field tracer experiments. It is unfortunate thst due to the

diversity of the ASCOT program these other phases of the research could

not be discussed in this paper. I encourage the interested reader to

seek out the overview references given.

Since its beginning in 1$78, the ASCOT program has strived to

improve our underabndfng of the fundamenul physical processes of

complex terrain meteorology, It ill hoped tha t this will provide a

better bas{a for making air quality ● ssessments in areas of nonuniform

topography. Several terrain *ettings hve been investigated in order
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to build a broad base of knowledge that at some point, hopefully, can

begin to be generalized in a consistent theory. The se studies bve

made it clear thst the problem of transport and diffusion in complex

terrain is complicated and that interactions on all scales are

important. only through the cooperation of all those concerned with

complex terrain meteorology wI1l we ever hope to reach a definitive

understanding of these important problems.
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FICURE CAPTIONS

Fig. 1. Locations of ASCOT experimental sites.

Fig, 2. Dependence of drainage wind on the bulk slope

Richardson number, ‘iB# for a a lope site in the

Geysers Basin.

Fig. 3. Generalize vertical profiles of temperature, wind

di.ection, and wind speed in ● n idealized drainage

wind of depth h.

Fig. 4, Profiles of potential temperature (tap) ●nd downslope

wind ●peed (bottom) ● t tewers A, B, ●nd C on

Rattlesnake Hill. Tower A is nearest the top of the

ridge and C is nearest the bottom. From Doran and

Horst (1983).

Fig, 5. Hourly ●ve ra ge profiles of wind speed, wind

direction, and temperature ● t the upper tower on

Pajarito HounUin. Times shown in the upper right

hand corner of ●ach plot ● re mountain s~ndard time

on Novomber 6, 1983.
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Fig. 6. Hourly average profiles of wind speed, wind

direction, and temperature at the lower tower on

Pajarito Hountiin. Times shown in the upper right

hand corner of ●ach plot are mountiin atindard time

on November 6, 1983.

Fig. 7. Tethoreonde profiles of temperature (T) , wind

direction (WD), wind speed (US), and mixing ratio

(MR) in Corral Gulch.

Fig. 8. Tethcraonde profiles of wind direction (W.D.), wind

speed (U.S.), mixing ratio (l I.R. ), and poteatial

temperature in B~uah Creek.

Fig. 9. Tetherconde profiles of temperature (T), wind

direction (WD), wind speed (US), and mixing ratio

(IIR) in the outflow region of the Geysers Basin.

Fig. 10. Cross aectim parallel to the ●xternal w!nd direction

nhowing the gradual incursion of NE winds into the

Geysers Basin on September 22, 1980. The liues

ohowing che level of the beginning of the NW winds

● re labeled with pacific t~ndard t~me,
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Fig. 11. Generalized diurnal pattern of radon 222

conce> tra tion in the Geysers outflow region for good

nocturnal drainage conditions. From Clements and

Wilkening (1981).
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